On-line measurement of soil properties using the visible (Vis) and near infrared (NIR)
Introduction 51 52
Visible (Vis) and near infrared (NIR) diffusive reflectance spectroscopy is a promising 53 measurement technique available to provide rapid information about soil physical and chemical 54 properties, e.g. moisture, carbon, nitrogen, phosphorus and calcium content; and cation
The on-line measurement system consisted of a penetration tine (subsoiler), to which the 126 optical probe is attached (Fig. 1) . The tine and optical probe were set on a frame, which was 127 mounted onto the three-point linkage of the tractor. It is a simple frame, which has a metal 128 wheel on each side to regulate the subsoiler depth. However, depth control is only done in the 129 downwards direction by the two wheels. The upwards movement of the tine due to tractor 130 driving over a higher spot than that of the sensor driven behind can not be controlled. The depth
131
(draught based) control system linked to the hydraulic system of the tractor had to be set at To verify the laboratory calibration of the three-point linkage hydraulic system, on-line 158 measurement of soil spectra was carried out on a Haplic Luvisol (FAO classification) field in
159
Heverlee, 30 km east of Brussels (Belgium). The field soil texture determined by wet sieving 160 and a hydrometer test was a silt loam (Table 1) topography, which allowed information about the effect of L on the quality of spectra to be 167 extracted.
The system was driven at a travel speed of 1. with a 2 mm sieve, before P-avl was measured using the Olsen method (Olsen et al., 1954) . A 223 sufficient amount of wet samples was used to estimate the moisture content by drying in an oven
224
at 105°for 24 h. The average field moisture content was at the field capacity. The results of soil 225 moisture content and P-avl of these samples are presented in Tables 2 and 3 , respectively.
226
A digital global positioning system, Trimble ® AgDGPS 132 was used to locate the position of 227 soil spectra. The 126 on-line collected spectra with a location matching the location of the 126 228 soil samples collected for laboratory analysis of P-avl were later separated from the data set and 229 used to predict P-avl using the model described in a previous study (Maleki et al., 2006a ). This Table 4 ( Maleki et al., 2006a) . This model was used in this study to predict P-avl using spectra collected on-line in Lovenjoel field. Maps of laboratory Olsen measured and on-
238
line predicted P-avl using on-line recorded spectra were developed using geostatistical software 239 (GSLIB). The algorithm used was ordinary kriging (Goovaerts, 1997), which requires the 240 determination of a variogram model. The experimental variogram was obtained through: 
247
In all cases a spherical model was found to be best:
where C 0 is the nugget effect (Y-intercept), C 0 +C 1 is the sill and a is the range. The interpolated 253 map cell size was 1 m 2 with 200 rows and 80 columns.
254
To compare variogram models, they were standardised by:
. In this way all 255 variograms received a sill of one. 
264
With L equals to 545 mm (line A), the quality of spectra is extremely bad. Apart from 8 265 spectra only one spectrum is a soil spectrum. However, two other spectra are successfully 266 measured by the first detector (306 -945 nm), while no reflection features are captured in the 267 near infrared region of (946 -1700 nm). This poor quality of spectra is attributed to the fact that 268 the sensor focal point falls above the soil surface due to the large D. In this case the incidence of To evaluate the successful capturing of the reflected light, the maximum reflectance (in 283 percentage) measured for each spectrum was considered. The average maximum reflectance
284
(AMR) of all 8 spectra is adopted and reported in Table 5 . Indeed, a very small value of AMR 285 of 7.8% is found during the measurement through line A. This also proves that a very small 286 percentage of reflected light from the soil surface could be captured.
287
Increasing L to 550 mm (line B) decreases D and  (Table 2) , and subsequently the quality 288 of collected soil spectra improved (Fig. 3b) . This is reflected by the number of successfully 289 collected soil spectra and by the AMR (Table 5) . However, the values of these two indicators (Table 2) , and the probe position is still similar to the case illustrated in Fig. 2b .
293
The best soil spectra are collected with L of 555 mm (Line C in Fig. 3c ). This observation is 294 justified by the fact that AMR obtained for line C is the highest among the 5 experimental 295 setups (Table 5 ). This case can be illustrated by Fig. 2a , where the tine is at the optimal position 296 allowing the bottom of the optical probe to be in continuous contact with the trench bottom 297 opened by the penetration tine (α and D = 0). This position should result in a smoother soil 298 surface at the bottom of the opened trench, and thus maximum light is reflected. The maximum 299 reflection is attributed to the incidence of the illumination light and reflected light on the soil 300 surface prepared by the system (Fig. 2a) . The maximum value of AMR obtained here indicates 301 that the signal-to-noise ratio is high, and is higher than the other 5 experimental lines. The 302 percentage of successfully measured spectra is 100%, and all measured spectra can be used for 303 predictions of soil chemical and physical properties.
304
final prediction of soil properties. The type of spectra pre-processing depends on the type of 327 element to be quantified (Mouazen et al., 2006) .
328
In order to evaluate the usefulness of the correction made on spectra to remove the shift that 329 occurred at 969 -970 nm wavelength, the on-line measured spectra (126 spectra) in Lovenjoel 330 field were used to predict P-avl using spectra with and without shift (corrected spectra). The prediction accuracy obtained after correction of spectra, as shown in Table 6 . These point-by-
338
point statistics however do not take the spatial structure of the data into account. Therefore, structure of P-avl is better captured by the corrected predictions compared to the uncorrected.
345
The improvement of using corrected spectra to predict P-avl can also be shown as a map 
354
According to Landis and Koch (1977) , the strength of agreement between the laboratory 355 classification and both the classification of the corrected and the uncorrected P-avl was 356 considered to be moderate. Nevertheless, the improvement of using corrected spectra for P-avl
357
prediction results in an increase in map similarity of 29.6% (based on the κ values).
358
The accuracy of P-avl map developed in this study is much improved compared to that
359
introduced by Mouazen et al. (2007) . This improvement can be attributed to the more accurate 360 model used in this study (Maleki et al., 2006a) compared to that used by Mouazen et al. (2007) . An approach to calibrate the tractor hydraulic system for successful on-line measurement of 386 soil spectra using visible and near infrared spectroscopy was introduced and tested. The 387 calibration included the determination of the optimal length of the tractor third point link (L)
388
and the manual adjustment of the hydraulic system to position the sensor at a specified depth,
389
while preserving a horizontal levelling of the sensor for maximum light reflection detection 390 from the bottom of the opened trench.
391
For successful on-line measurement, the soil-to-sensor distance (D) and angle (α) should be 392 minimised so that maximum electromagnetic energy reflected from the soil surface can be 393 collected. This also requires a successful mechanical design of the on-line sensor that ensures Tables   488   489   Table 1 . Table 5 .
559
Statistics about on-line collected soil spectra (8 spectra 
. Categorical maps of plant available phosphorus in soil (P-avl) based on (a) laboratory chemical analysis, (b) uncorrected, and (c) corrected on-line measured soil spectra in Lovenjoel field

